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Abstract 
  The manuscript presents the results of measurements of residual stresses (RS) in partial meltings of casting surfaces made of 
cobalt alloy MAR-M509. The partial meltings were made with an argon plasma beam by GTAW method. The values of RS were deter-
mined by X-ray diffraction method in grazing incident geometry, by g-sin
2ψ method and in Bragg-Brentano (BB) geometry. It has been 
stated that RS values depend on the parameters of partial melting process. It has been claimed that compressive stresses, which are present 
in the thin layer up to ca 2 µm, convert to tensile stresses in deeper layers of partial meltings. 
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1. Introduction 
There might be a state of stress without any external in-
teractions called residual stresses (RS). On account of ori-
gin, RS divide into three main groups: quenching stresses, 
temperature stresses and microscopic stresses [1]. On the 
grounds of occurrence range against a background of real 
polycrystalline microstructure, RSI, RSII and RSIII stresses 
are distinguished most frequently and they are marked 
accordingly: σI, σII, σIII. Macroscopic stresses correspond to 
stresses of I kind, microstresses (II kind) occur in the area 
of grains, submicrostresses (III kind) affect areas of lattice 
defect. The definition ‘residual stresses (RS)’ refers to all 
three kinds of stresses. Detailed information concerning RS 
is given in a book of Burakowski and Wierzchonia [2]. 
X-ray diffraction method and particularly g-sin
2ψ 
method [3] is used for measurements of RS values. The g-
sin
2ψ method enables RS determination in material layers 
of different thickness. This method uses an X-ray diffrac-
tometer with a goniometer type ω. The method is that an-
gles ψ lie in the diffraction plane which is perpendicular to 
the sample, incidence angle of α rays is constant and the 
measurement is made with many plane reflections {hkl}. 
The aim of this manuscript is to determine the values 
and marks of residual stresses which occur in partial melt-
ings of castings made of alloy MAR-M509 with argon 
plasma beam generated in electric arc. 
 
2. Material and methodology of studies 
Plates with dimensions: 5x20x20 mm, casted from alloy 
MAR-M509 of chemical constitution: 0.60% C; 22.83% 
Cr; 10.0% Ni; 7.12% W; 3.77% Ta; 0.36% Zr; 0.18% Ti; 
0.007% B; the rest is Co, were used for RS studies. The 
castings were obtained in multilayer ceramic moulds 
(MCM) of 8-9 mm wall thickness, which were poured with 
a liquid alloy of temperature ca 1495±5°C. Casting MCM 
(the moulds were heat treated and their initial temperature 
before pouring into with an alloy was ca 1000±10°C) was 
executed in a vacuum ca 2.9 Pa, in a pair vacuum induction 
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199furnace Leybold-Heraues JS30/SP. Such casted plates were 
melted partially on the surface with argon plasma beam 
(GTAW method) [4]. Remelting was performed at constant 
current intensity I = 150 A, at two velocities of argon 
plasma beam dislocation, Vp = 200 mm/min and Vp = 400 
mm/min, at constant electric arc length lτ = 3 mm and at 
constant argon flow rate (99.995% Ar) 15 l/min. 
The X-ray examination of partial meltings was carried 
out with an X-ray diffractometer D500 Kristalloflex of 
Siemens company. Monochromatic radiation of a tube with 
a copper target (λCu = 1.54184 Å) was applied in a diffrac-
tometer. The diffraction lines were recorded in the range of 
2Θ angle, from 25° to 125° by stepwise method with a 
jump of 2Θ angle = 0.02° for the measurements in the 
grazing incident geometry (α = 2°, 5° and 9°) and in the 
range of 2Θ angle, from 15° to 155° with a jump of 2Θ 
angle = 0.04° in the Bragg-Brentano geometry. The pene-
tration distance of X-ray radiation was calculated on the 
basis of alloy’s chemical constitution and type of X-ray 
tube. For the given chemical constitution of alloy MAR-
M509, linear X-ray absorption coefficient is µ = 2389 
1/cm. The value µ enables calculation of the penetration 
distance (z) of X-ray radiation for different geometries of 
its incidence according to the equation: 
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where: GX – the absorption of X-ray radiation rate, 0.8 or 
0.95 is assumed [3] 
 
The changes of the penetration distance (z) of X-ray ra-
diation for alloy MAR-M509 in relation to the value of 
grazing incident α and in Bragg-Brentano geometry for 
different values of 2Θ angles are shown in figure 1. 
 
   
Fig. 1. Effective penetration distance of X-ray radiation in relation to 2Θ angle for alloy MAR-M509 in the grazing incident 
geometry α = 2°, 5° and 9° (a), and in Bragg-Brentano (BB) geometry (b) 
 
The residual stresses in remelting areas were calculated 
according to g-sin
2ψ method with an application of equa-
tions (2) and (3). The position of diffraction lines for con-
secutive deflections in the planes of phase γ lattice was 
determined precisely earlier. 
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where: 
dhkl – distance between planes, a1 – parameter of γ phase in 
partial meltings, aO – parameter of γ phase in a casting, υ, E 
– elasticity constants (they are accordingly 0.31   
and 209 GPa) 
Appropriate curves which allowed for exact description 
of reflection position, their height, half width and area, 
were adjusted to experimental diffraction patterns. Match-
ing was performed on the assumption that each reflection 
consists of radiation doublet λKα1 and λKα2 and both com-
ponents of the doublet are of the same width and their 
height ratio is 2:1. 
 
2.1. Structure of partial meltings 
 
The macrostructures (fig. 2a and 2b) and microstruc-
tures of partial meltings (fig. 2c, 2d) of casting surfaces of 
plates made of alloy MAR-M509 in a cross-section and a 
longitudinal section are shown in figure 2. 
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Fig. 2. Macrostructures in a cross-section along the direction   
of remelting (a, b) and microstructures of transition zone, partial 
melting – casting material in the longitudinal section along the 
direction of remelting (c, d) 
2.2. Diffraction measurement 
 
Diffraction patterns of partial meltings from casting sur-
faces of plates made of alloy MAR-M509 are shown in 
figures 3 and 4. 
The RS values were calculated and are presented in   
table 1 and in figure 5 as a graph. 
 
 
Fig. 3. Diffraction patterns of partial meltings of casting surfaces 
of plates made of alloy MAR-M509, which were taken in the 
grazing incident geometry α = 2°, 5° and 9°, and at Bragg-
Brentano (BB) geometry. Remelting conditions: argon, I = 150 A,  
Vp = 200 mm/min 
 
Fig. 4. Diffraction patterns of partial meltings of casting surfaces 
of plates made of alloy MAR-M509, which were taken in the 
grazing incident geometry α = 2°, 5° and 9°, and at Bragg-
Brentano (BB) geometry. Remelting conditions: argon, I = 150 A, 
 Vp = 400 mm/min 
Table 1. RS values from partial meltings of casting plates   
made of alloy MAR-M509 
 
Residual stresses, MPa 
Remelting parameters: argon,  
I = 150 A 
Kind of  
measurement 
(penetration  
distance)  Vp = 200 
mm/min 
Vp = 400 
mm/min 
α = 2° (0.4 µm) 
α = 5° (1.0 µm) 
α = 9° (1.7 µm) 
BB (4 – 6 µm) 
-733.1 
-652.7 
-93.7 
+62.62 
-431.1 
-216.5 
ca. +130* 
+641.3 
* approximate value 
 
 
Fig. 5. Changes of RS values in surface layers which were formed 
by remelting of casting surfaces of plates made of alloy   
MAR-M509 with argon plasma generated in electric arc 
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2013. Summary 
 
The partial meltings of casting surfaces made of cobalt 
alloy MAR-M509 which were formed with argon plasma 
beam generated in electric arc, are characterized by fine, 
oriented, cellular-dendritic grains which on their bounda-
ries have a continuous, thin eutectic that consists of car-
bides type MC and M23C6 [5]. Microhardness of surface 
layers formed in such a way is in the range of 470 – 500 
HV (load 100 g) when microhardness of dendritic grains of 
γ phase is ca 335 in the casting [6]. 
RS values might be determined in thin layers of partial 
meltings by X-ray diffraction method in the grazing inci-
dent geometry (α = 2° - 9°) and in thicker layers – in 
Bragg-Brentano geometry. However, for both geometries 
of X-ray incidence, the analyzed layers are 3-fold thinner 
compared to partial meltings because of low penetration 
distance. 
The partial meltings have large compressive stresses 
from -733 MPa to -216 MPa in a very thin layer below 
their surface (up to ca 1 µm). Tensile stresses are present at 
higher depth (above 2 µm) and their maximal values are ca 
+640 MPa at 6 µm depth below the surface of partial melt-
ings. 
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